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Intrinsic quantum efficiency and electro-thermal model of a superconducting nanowire 
single-photon detector 
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Superconducting single-photon detectors from thin niobium nitride nanostrips exhibit a cut-off of the 
wavelength-independent quantum efficiency along with a moderate energy resolution in the near-infrared spectral 
range. Before the cut-off, the intrinsic quantum efficiency of the detector reaches ~30% of the ultimate value, 
which is physically limited to the absorbance of the detector structure. The intrinsic quantum efficiency is most 
likely controlled by non-homogeneities of the niobium nitride films. We have developed an electro-thennal model 
of the detector response that allowed us to optimize the SQUID-based readout and to achieve, in the temperature 
range from 1 to 6 K, the photon count ratc 3 x 107 8-1 and a dark count ratc less than 10-4 8-1. 
Keywords: nanowire single-photon detectors; quantum efficiency; electro-thermal normal domain; 
SQUID readout 
). Introductioll 
Single-particle detection in a current-biascd line-
shaped supereonducting film via formation of a 
normal domain was first demonstrated by Sherman 
[1]. A possibility to resistively detect a single optical 
photon in a relatively large superconducting film was 
discussed by Kadin and Johnson [2] in the framework 
of the hot-spot approximation. Semenov et al. [3] 
proposed the use of an almost critical current-bias in 
order to relax requirements on the width of a super-
conductor and to extend single-photon sensitivity to 
the infrared range. Using this approach, Gol'tsman 
et al. [4] demonstrated detection of single optical 
photons by a superconducting nanowire single-photon 
dctcctor (SNSPD). Such a detector indicates photon 
receiving with a transient voltage that appears between 
the wire ends. The duration of the voltage response 
limits the practical counting rate to subgigahertz 
values. Since the amplitude of the transient voltage is 
almost entirely controlled by the magnitude of the 
current, the detector cannot distinguish the number of 
simultaneously received photons. It has been predicted, 
that the hot-spot detection scenario has a cut-off in the 
single-photon detection capability [3] and an indication 
of this has been found recently [5]. However, due to the 
change of the detection mechanism for low-energy 
photons, SNSPD shows lower quantum efliciency 
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along with a moderate photon energy resolution at 
near-infrared wavelengths [6]. Other widely used 
superconducting photon-counting detectors are transi-
tion edge sensors and supercondueting-tunnel-junction 
detectors. These detectors are capable of counting near 
infrared and visible light photons with an energy 
resolution of 0.15 eV at a ratc of tens ofkilohcrtz. They 
operate at temperatures less than 300 mK and are read 
out by a superconducting quantum interference device 
(SQUID). For lifetime fluorescence imaging or appli-
cations in quantum optics, counting rates up to 107 
events per second are needed, whereas the rcquirement 
for the energy resolution is relaxed. These requirements 
might be achieved making use of superconducting 
nanowire single-photon detectors. In this contribution, 
we report on the intrinsic quantum efliciency above the 
cut-off and the electro-thermal model of the SNSPD 
response. 
2. Detector technology and experimental details 
We deposited NbN films at a rate of ~0.16nms--l on 
optically polished R-plane sapphire substrates using 
DC magnctron sputtcring of the pure Nb target in 
Ar + N2 gas mixture. The rear side of the substrates was 
ground in order to eliminate reflectivity. The films were 
patterned by means of electron-beam lithography to 
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form a meandering line covering the 4 x 411m2 area with 
a filling factor of ~0.5. For different devices, the line 
width varied between 80 and 100 nm. Just above the 
superconducting transition temperature (Tc>::; 11.5 K) 
the meandering line had a square resistance of ""'900 n. 
Figure 1 shows the images of the meandering line and 
the film-substrate interface, which were obtained 
making use of transmission and scanning electron 
microscopy (TEM and SEM). The film thickness was 
evaluated by combining different measurement techni-
ques. We used high resolution transmission electron 
microscopy (HRTEM), ellipsometry, atomic force 
microscopy and X-ray reflection at large incident 
angles. As an example, the HRTEM image of a thin 
slice of the film/substrate interface made at right angles 
to the interface is shown in Figure 1. All techniques 
agree in a film thickness of 4 ± 0.7 nm, where the 
uncertainty is mostly due to the difference between 
mean values provided by these techniques. The devices 
for the measurements were selected from the wafer 
aiming at the smallest resistance above the super-
conducting transition and the largest critical current 
density. The spread of these values in the batch was less 
than 10%. We measured the quantum efficiency of a 
few detectors at an ambient temperature of ""'6.5 K. At 
this temperature the critical current Ie of the detector 
was in the range 8-10 IlA. The detector was cooled in a 
vacuum chamber of a 4He-bath cryostat with optical 
access through a quartz window. It was exposed to the 
light of an incandescent light source passed through a 
prism monochromator. To ensure a homogeneous, 
plane-wave illumination of the detector, the output of 
the monochromator was converted into a parallel beam 
with the diameter much larger than the area covered by 
the meander. The light intensity at the position of the 
meander was measured with calibrated photodiodes. 
For all measurements it was large enough to cause the 
rate of photon counts to be much larger than the rate of 
dark counts. The quantum efficiency was defined as the 
ratio of the signal counts to the munber of photons 
reaching the detector area. The detector was directly 
connected to a 50 n coaxial cable. In response to 
absorbed photons, the detector outputs transient 
voltage which is fed to a microwave amplifier with a 
4 GHz bandwidth and then recorded by a 6 GHz single-
shot oscilloscope. A sub-critical current IB < Ie 
through the detector was provided by a DC voltage-
bias which was applied via a bias-T connected to the 
amplifier. The transient time of the electronics was less 
than 80 ps. Alternatively, we read out voltage transients 
with a broadband SQUID amplifier, which is described 
below. 
3. Absorbance and quantum efficiency 
The quantum efficiency (QE) of the detector, which is 
the number of signal events normalized to the number 
of photons crossing the detector area, is shown in 
Figure 2 as a function of the wavelength. For short 
wavelengths, QE is practically independent on the 
current or the wavelength and amounts at 1.8% for 
visible light. We attribute the response in this regime to 
the photon-induced local non-equilibrium spot, which 
is further driven into the normal state by the current [5] 
and, consequently, forms a normal domain. The 
transition into the normal state occurs because 
the reduced number of superconducting electrons in 
the spot cannot carry the applied current. This response 
mechanism should have a relatively sharp 'red 
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Figure 2. Measured (symbols) and simulated (lines) 
quantum efficiency for different bias currents. 
Figure 1. Images of the meander and the film-substrate interface, Left: SEM image of the meander structure with contact pads. 
Middle: TEM image of the meander after first ion milling of the NbN film. Light lines are reflections from sapphire in blanks 
between the NbN lines. Right: HRTEM image of a thin slice that was cut at right angles to the interface between the NbN film 
and the sapphire substrate. 
boundary' partly smeared by the non-homogeneities 
of the meander. Indeed, there is a current-dependent 
cut-off elearly seen in Figure 2. However, beyond the 
cut-off, the efficiency does not vanish but gradually 
decreases with the wavelength, which shows another 
detection mechanism. We associate the response at 
larger wavelengths with the change of the rate of dark 
counts stemming from the area around the photon 
absorption site [7]. Simulations (Figure 2) based on the 
dark count mechanism [8] due to unbinding of the 
vortex-antivortex pairs [9] fairly well describes QE 
variation at different bias currents within almost three 
orders of magnitude. 
We compare the measured QE before the cut-off 
with the absorbance of the meander. For a non-
structured metal film on an infinite dielectric substrate 
and for frequencies smaller than the reciprocal elastic 
scattering time of electrons in the film the absorbance ex 
depends on the refraction index of the substrate nand 
the DC resistance of a square of the film Rs as ex = 4 
ZoRs/[Zo+(n+l)Rsf where Zo=377Q is the impe-
dance of free space. For our NbN films with 
Rs = 900 Q on sapphire (n ~ 1. 7 for near infrared 
radiation), the absorbance should amount to "'-'17%. 
Measuring the far-infrared spectra of NbN films, 
several groups have estimated for this material the 
inelastic electron scattering timc r to bc betwecn 
1.3 x 10-14 and 4.5 x 10-14 s (see, for example, [10]) 
which leads to the plasma wavelength Ap = 2rrC8opr 
being between 0.7 Jlm and 1. 5 fIm (here, p is the normal 
state DC resistivity of the film). Below these wave-
lengths, the decrease in the film absorbance should 
substantially reduce tlle quantum efficiency. 
Contrarily, the experiment shows constant quantwn 
efficiency in this wavelength range. To clarify the 
discrepancy, we measured - by means of ellipsometry --
the relative dielectric constant I': of one of our 4 nm 
thick NbN films on the sapphire substrate. The result 
is shown in Figure 3. Fitting the data with the Drude 
model reveals Ap ~ 0.15 ].-lm, which is much shorter than 
the plasma wavelength extracted from near-infrared 
spectral studies. The fine structure in thc wavelength 
dependence of the dielectric constant cannot be 
explained with the Drude model and is most likely 
due to the band-gap effects in NbN. The measured 
dielectric constant of the film should result in the film 
absorbance that is shown in Figure 4. The absorbance 
was computed for normal incidence of the plane wave 
as ex = 4Zo Re(z)/IZo + (n + I)ZI2 where the complex 
impedance of thc film Z = -Zo/(i2rrds), i = (_1)1/2 and 
d is the mm thickncss. The absorbance of the meander 
can be analytically computed only for an infinitely 
large structure in the limiting cases A» w or A« w 
where w is the width of the meander line. To 
evaluate the absorbance of the meander in the 
3 
intermediate wavelength range and account for edge 
effects, we used the measured frequency-dependent 
dielectric constant and ran the electrodynamics-pro-
blem-solver FEKO for the real meander structure 
including contact pads. We made sure that thc 
software provides the correct absorbance for the 
unstructured film as well as for the limiting case 
A « w. Figure 4 shows the computed absorbance of the 
detector for the light polarized parallel and perpendi-
cular to the meander lines. The computed absorbed 
power was normali7..ed to the power flux trough the 
geometric area of the meander. For randomly polar-
ized light, which we used in the experiment, the 
absorbance should have an intermediate value 
("-'5.5% for visible light) that is approximately three 
limes as large as the measured QE in this wavelength 
range. Since the absorbance of the meander gives the 
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Figure 3. Real (el) and imaginary (82) parts of the dielectric 
constant of a 4 nm thick NhN film on sapphire. Data were 
obtained by means of ellipsometry. 
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Figure 4. Computed absorbance of a non-structured 4 nm 
thick NbN film on an infinite sapphire substrate. (a) 
Absorbance of the 4 x 4 pm2 meander with the line-width 
100 nm and the filling factor 50% for the light polarized 
parallel (b) and perpendicular (c) to the meander lines. 
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upper limit for the quantum efficiency, we conclude 
that above the cut-off our detectors have intrinsic 
quantum efficiency close to 30%. Here, the intrinsic 
quantum efficiency is defined as the ratio of the 
measured quantum efficiency to the computed detector 
absorbance, both evaluated for the plane wave and 
normal incidence. The lack of the intrinsic efficiency is 
plausibly due to non-homogeneity of the supercon-
ducting properties within the meander line. The 
difference between the depairing critical current and 
the critical current, which was experimentally mea-
sured in narrow lines made from the same films (see the 
paper by Engel et al. in this issue), also indicates that 
non-homogeneities of this type can be present in our 
detectors. The structure seen in the HRTEM picture of 
our film (Figure 1, right panel) indicates that the areas 
with different superconducting properties may have 
planar size comparable with the film thickness and 
with the size of the non-equilibrium spot initiated by 
optical photons [5]. Hence, the effectiveness of the 
resistive state formation may depend on the exact 
location of the photon absorption site. This kind of 
non-homogeneity, also called granularity, has been 
reported by several groups (see, for example, [11] and 
references therein) and seems to be inherent to NbN 
films. Variation of the quantum efficiency through the 
meander lines in similar SSPD has been reported 
recently [12]. On the other hand, we believe that in our 
case geometric non-homogeneity (so-called constric-
tions [13]) can be ruled out as a reason for the lack of 
the efficiency. The TEM and HRTEM studies 
(Figure 1) of our detectors and NbN films show that 
their geometric homogeneity is better than one would 
expect for detectors with 30% constriction limited 
intrinsic quantum efficiency. Using two-side polished 
substrates and diminishing the gaps between lines 
(increasing the filling factor) it should be possible to 
increase the absorbance and thus quantum efficiency at 
the desired wavelength to the ultimate value. The 
disadvantage of this approach is the loss of the spectral 
flatness. 
4. Electro-thermal model 
To additionally prove the response scenario at short 
wavelengths, we developed the electro-thermal model 
of the normal domain. The model describes the 
initial growth, the diminution, and the disappearance 
of the normal domain in the long superconducting 
line when the current through the line is additionally 
controlled by the feedback via the embedding electric 
circuit. We modeled the meander as an inductance L 
in series with a normal resistance (inset in Figure 5). 
The resistance R represents the normal-conducting 
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Figure 5. Simulated instantaneous resistance of the normal 
domain (solid line) and the current through the detector 
(dotted line) in units of the bias current IB=O.95Ic . Inset 
shows the equivalent circuit diagram of the detector 
connected to the coaxial line. Rc is the contact resistance 
which was set to zero in the presented simulation. 
domain that temporarily appears in the meander 
after absorption of the photon. We solve numerically 
the dynamic equation describing the normal domain 
together with the equation describing the embedding 
circuit. The solution outputs the time-dependent 
resistance of the domain and the instantaneous 
current through the detector I, which we use as an 
input for the SPICE circuit simulator. We further 
simulate with SPICE the voltage signal at the output 
of the readout electronics consisting of the 50 Q 
coaxial line, bias tee and the microwave amplifier. 
To describe the normal domain with the length a 
larger than the thermal healing length LT we invoke 
the approach of the current dependent vel.ocity vel) 
of the domain boundaries, which was developed by 
Gurevich and Mints [14]. For each ambient tem-
perature and corresponding critical current, there 
exists a bias current 1m that equilibrates the normal 
domain. The velocity of the boundaries equals zero 
when I~ 1m. At I> 1m the domain grows (v> 0) and 
at I < 1m it shrinks (v < 0). For a < LT we neglect 
the temperature distribution inside the domain and 
introduce the time-independent mean temperature 
gradient between the domain and the superconduct-
ing pOliion of the line dT/dx=(Tc -7)/LT where 
T is the ambient operation temperature of the 
detector. In the framework of this approach, the 
rate of the detector's resistance change is composed 
of the change due to Joule power dissipation in the 
meander having the specific electron heat capacity 
eE, the change through electron phonon interaction 
at a relaxation time TE, and thermal diffusion with 
the diffusion constant D over the thermal healing 
length Dr (D· TE)I /2. The equations describing the 
evolution of the normal domain reduce to 
eJR 1 PRs I DRs 
-;-:::;--:=c---.- - - K if a ::: LT at R(t) (T c - T)cEdw TE LrwR(t) 
aR 1 Rs I 
at R(t) = v(l) R(t) w if a > LT 
dI 
L dt + (R(t) + Ro)I(t) IBRo 
where d and ware the film thickness and the line-width 
of the meander, respectively, and Ro = 50 Q is the 
impedance of the coaxial line. The coefficient K 
(K~0.3 for T=0.5Td accounts for the reduced 
thermal conductivity in the superconducting state. The 
velocity of the domain walls is defined as follows [14] 
v(l) = fI5 f,l(I! Jc)2-28(l) 
. Y-;; ((tJ2(I/Ic)2-8(l))8(l)f/2 
8(l) = TI(l) - T 
Tc- T 
f3 = R~2TJ.l 
w2dcE(Tc - T) 
where 11(1) is the ambient temperature for which the 
critical current equals the bias current. An example of 
the numerical solutions of the equations above is 
shown in Figure 5. We used typical material para-
meters of NbN and associated the meander inductance 
L with its kinetic inductance LK = I!oAV(wdj-l where 
AL is the effective London penetration depth and I is 
the length of the meander. The only free parameter 
was the seed resistance, which we ascribed to the 
domain at the moment when it popped up. The degree 
to which the domain grows strongly depends on the 
bias current. For currents less than 0.7 Ie the domain 
shrinks from the very beginning. Oscillations in the 
computed R(t) dependence appear when the current 
passes the value 1m and the sign of the wall velocity 
flips. After the domain has disappeared, the current 
recovers exponentially with the time constant con-
trolled by the kinetic inductance and the fuIl resistance 
of the embedding circuit. 
We thus used the obtained transient resistance of 
the domain as an input for the SPICE to model the 
voltage pulse at the output of the microwave amplifier. 
The best fit of the simulated signal to the signal 
recorded at the output of the microwave amplifier at 
IB = 0.95 Ie is shown in Figure 6. The rise time of the 
signal pulse was larger than the transient time of the 
readout circuit, indicating the impact of the transient 
resistance. Ripples in the signal were due to the wiring 
of the detector inside the detector mount. In the signal 
model we account for that which introduces a short 
portion of the transmission line between the detector 
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Figure 6. Voltage signal at the output of the microwave 
amplifier (the averaged of 100 pulses, squares) and simulated 
signal (solid line). Ripples in the signal are due to the detector 
mount. Inset shows the circuit diagram of the readout 
electronics composed from the coaxial cable (Delay), bias tee 
and the microwave amplifier. 
and the coaxial cable that had impedance slightly 
different from the impedance of the cable. The circuit 
model, together with the thermo-electrical detector 
model, describes the experimental signal very welL 
From the best fit we concluded the domain lifetime and 
maximum domain resistance of 350 ps and ~380 Q, 
rcspectively. The best-fit value of the seed resistance 
was close to 2 Rs l;/w where l; is the coherence length. 
Thc maximum resistancc of thc domain increascs with 
the bias current and reaches three times the seed 
resistance. 
5. SQUID readout 
With the response parameters obtained from the 
electro-thermal model we optimized the SQUID 
amplifier that was introduced earlier for the SSPD 
readout [6,8]. The detectors were electrically connected 
to an input coil inductively coupled to the SQUID. The 
maximum current change through the input coil 
provided the linear regime of the SQUID. The 
SQUID signal was read out through a twisted-pair 
delay line by room-temperature electronics including 
an amplifier with a nominal bandwidth of 50 MHz. 
The DC voltage bias for the counter was provided over 
a shunt resistor (see the circuit diagram in the inset of 
Figure 7). A typical voltage pulse recorded at the 
output of the room-temperature amplifier is shown in 
Figure 7. The pulse duration together with ripples was 
less than 45n8, thus limiting the maximum count rate 
to 2.5 x 107 8- 1. Filtering bias lines to the detector and 
SQUID, we experimentally achieved the dark count 
rate as low as 1O-4 s-1 along with the detector 
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Figure 7. Single signal pulse recorded at the output of the 
room temperature amplifier that was used to enlarge 
the SQUID signal. Inset shows the circuit diagram of the 
SQUID-based readout. 
quantum efficiency of a few percent at micrometer 
wavelengths. 
The sensitivity of the SQUID readout makes it 
possible to directly measure the inductance of the 
detector and the influence of the bias current. Applying 
additionally to DC detector bias a much smaller AC 
bias current, and recording the amplitude and the 
phase of the AC voltage over the meander with a 
SQUID amplifier, we separately determined the 
inductance from the roll-off of the AC voltage and of 
the phase with an increase of the AC frequency. 
We estimated the direct innuence of the current on the 
concentration of 8uperconducting electrons by measur-
ing the current dependence of the kinetic inductance of 
our detectors. The inductance extracted from the 
frequency dependence of both the amplitude and 
phase is shown in Figure 8. According to the 
Ginsburg-Landau (GL) model, the kinetic inductance 
per film squared equals LK* = me/(e2 IwI2), where 
WZ = fls is the squared amplitude of the superconduct-
ing wave function and ns is the density of the 
superconducting electrons. We rely on the conven-
tional fact that the geometric inductance of a thin 
narrow film is small compared with its kinetic 
inductance. Hence, the increase in the inductance 
with bias current can be interpreted as the reduction 
of ns or, equivalently, as the decrease in the super-
conducting energy gap D. nsf No (here No is the 
normal electronic density of states at the Fermi 
level). With the dimensionless variable LK(T,O)( 
LK(T, Is) the steady-state GL equation including 
current reduces to 
135 
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Figure 8. Inductance of the typical detector retrieved from 
the phase (squares) and the amplitude (triangles) of the AC 
SQUID signal and the fit (solid line) using the GL kinetic 
inductance. 
where <1>0 is the magnetic nux quantum and 
LK = LK * l(wd)-I is the total kinetic inductance of 
the meander. The best fit obtained with the above 
equation is shown in Figure 8 by the solid line. 
We used the experimental values of the critical current 
and computed the kinetic inductance at zero bias 
according to LK *(1)=jlOA~ff [l-(T/Tctr\ where 
A~ff = h Rs d/(n 1-10 ~o) is the squared effecti.ve magne\i~ 
penetration depth and D.o= 1.76ksTc 1S the BCS 
superconducting energy gap. The GL coherence 
length ~GlP) = ~o (1 - T(Tc)-1/2 was the only fitting 
parameter. The best fit resulted in the coherence length 
~o = 5.8 nm that was close to 4.5 nm obtained from the 
temperature dependence of the second critical mag-
netic field [15]. Our results comply with the finding of 
Kerman et al. [16] that the total inductance of the 
detector is solemnly represented by its kinetic induc-
tance. Another important outcome is that the current 
variation of the inductance is relatively small and can 
be safely neglected in engineering the readout 
electronics. 
We note that structuring the film in nanowires, 
although it extends the photon counting capability to 
near-infrared wavelengths, it decreases the absor-
bance of the detector and thus overall quantum 
efficiency. Finding a compromise between film 
thickness, filling factor and the line width may 
result in an improvement of the detector efficiency. 
Another conclusion of our study is that the use of 
the SQUID readout allows one to simultaneously 
decrease the dark count rate and increase the signal-
to-noise ratio in the output signal, kceping the 
maximum count rate almost unchanged. The first 
two factors directly innuence the energy resolution of 
SSPD. We estimate that with SQUID readout an 
energy resolution of 0.5 eV for photons with 
wavelengths around 111m should be possible. Hence, 
with some improvements, our detector may have 
applications in fluorescence microscopy. 
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